In this paper, we report our new optical method for the measurement of the bandgaps of half-metallic ferromagnets (HMFs) that are sensitive to both surface/interface and bulk regions of these ferromagnets depending on the light incident angles and resulting penetration depth. We measured the bandgap of polycrystalline Co 2 FeSi Heusler alloy thin films at room temperature (RT) as an example. The Co 2 FeSi thin films were deposited on MgO(001) and Si/SiO 2 substrates by sputter deposition. Circularly, polarized infrared light was used to excite the corresponding spin-polarized electrons, which were effectively absorbed by the bandgap of the Co 2 FeSi Heusler alloy. The Co 2 FeSi bandgap energy was repeatedly measured and it was found to be ∼0.094 eV at RT. This technique allows us to characterize the spin bandgap of HMFs directly.
I. INTRODUCTION
H ALF-METALLIC ferromagnets (HMFs) are a new class of material that have the unique property of having two band structures; the majority spin band, typically represented as the up-spin band, have a metallic band structure, whereas the minority spin band, down-spin, have a semiconducting band structure with a gap at the Fermi level (E F ). Thus, they exhibit 100% spin polarization at E F . Therefore, HMFs can be considered as an ideal spin injector for nonmagnetic materials and eventually increase the efficiency of spintronic devices. The other key requirement for spintronic devices is a high Curie temperature (T c ) above room temperature (RT). Heusler alloys can fulfil these requirements due to their ability to exhibit 100% spin polarization at E F with T c RT . Heusler alloys have two different groups according to their crystalline structures; full-and half-Heusler alloys. FullHeusler alloys crystallize in the L2 1 structure with the form of X 2 YZ and half-Heusler alloys crystallize in the C1 b structure with the form of XYZ, where X and Y are transition metals (e.g., Co, Fe, Ni, and Mn); and Z is a semiconductor or nonmagnetic metal (e.g., Al, Si, Ga, In, and Sb) [1] . In this paper, the focus is on Co-based full-Heusler alloys (e.g., Co 2 FeSi) as the HMF for bandgap characterization. The Co-based full-Heusler alloys have attracted much interest due to their high Curie temperature above RT, e.g., T c > 950 K for Co 2 MnSi [1] , and about 1100 K for Co 2 FeSi [2] , a good lattice match with major substrates [1] , and the ability to control the spin density of states at E F by substituting constituent elements [1] . Accordingly, very large tunneling magnetoresistance ratios at RT for magnetic tunnel junctions (MTJs) can be obtained by using thin films of Co-based fullHeusler alloys. This is highly advantageous for future device applications.
To date their spin polarizations have been estimated using Julliere's formula in a MTJ [1] or measured by the Andreev reflection [3] , both of which are very sensitive to surface/interface spin polarization. Several other methods, such as a tunnel contact with a superconductor [4] , photoemission [5] , and optical pump-probe [6] techniques have been reported. In this paper, we report our new method to measure the bandgap in HMFs optically which is sensitive to both the surface/interface as well as the bulk by controlling the light penetration depth. We demonstrate the potential of our method by measuring the bandgap of Co 2 FeSi Heusler alloy films, which are theoretically predicted to be a HMF at RT [1] .
II. FILM GROWTH
Polycrystalline Co 2 FeSi thin films were deposited on MgO(001) and Si/SiO 2 substrates by sputter deposition (Plasma Quest, HiTUS). The base pressure of the system was 5 × 10 −7 mbar and the sputtering pressure was 3 × 10 −3 mbar. The films were deposited at a rate of 0.7 Å/s using a target bias voltage of 990 V. The dimensions of the Co 2 FeSi film were 5 × 5 mm, whereas the thickness of the film was 23 nm. A 2 nm capping layer of Ru was deposited to prevent oxidation. The films were then annealed ex situ at 400°C for up to 6 h. During annealing the films were set in a quartz glass tube and placed inside the furnace (Carbolite, model MTF10/28 A) with nitrogen gas flowing at a rate of 100 sccm with a corresponding pressure of ∼27 mbar. After the annealing, the films were kept inside the furnace to cool down to RT for ∼4 h.
III. BANDGAP MEASUREMENT
The bandgap measurement can be obtained by introducing circularly polarized light (hν) with energy matching the 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. bandgap energy (E g ). Based on the selection rule, right (left) circularly polarized light will excite up (down) spin electrons, as previously demonstrated in GaAs [7] . For HMFs only the minority band has a bandgap. This can be measured by taking the difference in the reflected (or transmitted) circularly polarized light with fixed polarization from the HMF with a magnetic field applied in parallel and antiparallel to the light polarization. The setup of the bandgap experiment, consisting of three components, is shown in Figs. 1 and 2 . The first component is used for infrared (IR) light generation of which wavelength that covers the bandgaps to be measured. An IR light source (LOT-Oriel, LSB150) with a 10 W IR lamp (>60% emissivity), was used to generate the IR light with wavelengths (λ) between 2 ≤ λ ≤ 20 μm. The IR light source was combined with a concave mirror to increase the light intensity, which was coupled into a monochromator (Horiba Scientific, iHR320) to precisely tune the wavelength to match the bandgap energy. A relevant grating plate was used to precisely select the required wavelength to match the bandgap energy of the Heusler films to be measured. The bandgaps of some Heusler alloy films have been calculated and estimated by different research groups to be varied between ∼0.62 and 0.062 eV [1] , [8] . This range of bandgap energy corresponds to the wavelength of 2-20 μm. The monochromator has a high accuracy of ±0.20 nm and a step size of less than 1 nm. Here, 20 nm steps were chosen, which was sufficient to give differences in the measured intensity and to minimize the noise level. This wavelength was controlled externally using a Labview virtual instrument (VI).
The second component is used for generating circularly polarized light using a λ/4 plate (II-VI, FRZ-2-14-0.75-90-RM). An optical chopper (Signal Recovery, model 197) was used to convert the continuous IR light into a pulse with a low frequency of 17 Hz to minimize the noise level. Its signal was also used as a reference for a lock-in amplifier. A linear polarizer (Edmund Optics, model 62774) was then used in series with the λ/4 wave plate. This enabled us to introduce photons with circular polarization to excite the corresponding electron spins in the Heusler alloy films.
The third component is used for optical detection. A photodetector (ELTEC, Pyroelectric IR detector model 441) was used to detect the signal from the reflected IR light from the sample surface. The photodetector was placed close to the film at 45°from the film normal to receive the highest reflected light. The signals were measured using a lock-in amplifier (Signal Recovery, model 7265), which uses the reflected light as a main signal and the chopper signal as a reference with around 0°phase shift between the two signals and the following one.
To minimise the noise, the time constant and sensitivity of the locking amplifier were set to 200 s and 20 mV, respectively. In addition, settling time was set to be 200 s to minimise noise.
A sample holder was designed to hold the sample with and without a magnet, which applies a magnetic field perpendicular to the sample. It can also adjust the sample position with an accuracy of 240 arcsecond to introduce the IR circularly polarized light beam onto the center of the sample. The incident angle of the IR light was set to be at 45°from the film normal and the reflected intensity was measured by a photodetector. The photodetector was also fixed at 45°from the film normal to maximize the reflection intensity (Fig. 1) . This angle is sensitive to both the in-plane and plane-normal quantization axes of the spin polarized electrons as the 45°axis can be defined as a sum of these axes. The application of a perpendicular magnetic field was selected due to the need for a uniform field distribution over the film. The magnet has a larger diameter (∼11 mm) than the films (5 mm × 5 mm) to ensure that the magnetic field passing through the film is exactly perpendicular and not diverged at the edges of the magnet or the film. Moreover, the film was positioned in the center of the magnet surface.
It should be noted that the reflected beam was measured in our setup, as shown in Figs. 1 and 2 . The reflection method was preferred and selected owing to the effectiveness of measurements [9] and simplicity of sample-holder manufacturing. Some groups used this method for their spectroscopic measurements to characterize semiconductor bandgaps [10] . In our setup, the sample holder was designed to have two adjacent grooves, one for the magnet and another for the sample. This allows us to hold either only the sample or both the sample and the magnet in position.
All the components as detailed above were fixed in a shielding box, as shown in Fig. 2 , to prevent any influence from the surrounding environment such as the electromagnetic waves from other instruments in the laboratory. All of the stays and even the screws for positioning were made of nonmagnetic materials to prevent any influence on the measurements from the magnetic interference.
The measurements were controlled by LabView, allowing selection of the wavelength range, step size, and the parameters for the lock-in amplifier before running the measurements. First, under the circularly polarized IR beam, the as-deposited films were measured without applying a magnetic field, followed by the measurements with a perpendicular magnetic field of ∼2.2 kOe (N-pole upward) and a reversed magnetic field (S-pole upward). This magnetic field is large enough to magnetize the sample as the coercivity of the sample was measured to be ∼480 Oe using a vibrating sample magnetometer with the field applied perpendicular to the film, as shown in Fig. 3(a) . Hence, the optical excitation became sensitive to either the majority or minority spins depending on the polarity and the difference in these signals provided a direct proof of the bandgap existence.
IV. RESULTS AND DISCUSSION
The films were first characterized structurally by X-ray diffraction (Rgaku, SmartLab) . Fig 3(b) shows the evolution of crystallization of the Co 2 FeSi films during postannealing at 400°C for up to 6 h. The (220) peak increases its intensity with increasing annealing time. This indicates that the films have at least the A2 phase after the annealing for 3 h. A minor peak at ∼43°appeared after 6 h annealing, which may be related to phase segregation as reported before [11] , [12] . Additional analysis using transmission electron microscopy reveals that these films form the B2 and L2 1 phases [12] . Fig. 4(a) shows the intensity difference of the measurements under the magnetic fields with the N-pole and S-pole upward at various wavelengths for the as-deposited film (open square symbols) and after annealing for 3, 4.5 and 6 h (open circle, solid triangle and solid circle symbols, respectively). The intensity curve for the as-deposited film shows a peak magnitude of ∼200 mV at the wavelength of 13.2 μm, which corresponds to the Co 2 FeSi bandgap energy of ∼0.094 eV. This suggests a presence of a bandgap the value of which is one order of magnitude smaller than the value predicted previously (0.146 eV) using generalized gradient approximation calculations at 0 K [13] . The film was measured after annealing at 400°C for 3 h [open circles in Fig. 4(a) ] which was expected to enhance the crystalline ordering. The magnitude of the peak is increased to ∼300 mV at the same wavelength (i.e., 13.2μm) that indicates that the crystalline ordering of the sample was improved.
The film was also measured after annealing at 400°C for an additional 1.5 h for a total of 4.5 h. The peak magnitude is further increased to ∼350 mV at the same wavelength (i.e., 13.2 μm), as can be observed in Fig. 4(a) (solid triangles) , which again indicates that the crystallinity of the sample was improved further. The film was measured after annealing for another 1.5 h for a total of 6 h for further investigation, but the peak magnitude remained at ∼350 mV, which suggests that the crystallinity of the film has reached its saturation limit. The magnitude was found to increase with longer annealing time. This increase agrees with the increase in the crystalline ordering [11] . Fig. 4(b) shows a clear increase in the peak amplitude in the measured difference between the two field directions. This indicates that the crystalline ordering of the Co 2 FeSi films improves with increasing annealing time. As the current measurement configuration uses a 45°incident angle, it is sensitive to the bulk region of the film, which proves that it possesses a half-metallic bandgap at RT. This agrees with the previous report on the predominant L2 1 ordering in polycrystalline Co 2 FeSi films [12] . By controlling the IR incident angles, our technique enables the measurement of the bandgaps of the surface/interface regions. This may provide direct feedback for the growth optimization to realize a half-metallic Heusler alloy junction at RT.
V. CONCLUSION
We have developed a new optical method to measure the bandgap of HMFs. We have measured the bandgap of polycrystalline Co 2 FeSi Heusler alloy thin films to be ∼0.094 eV at RT. This finding proves that our technique allows for the measurement of the half-metallic bandgap directly. Such direct analysis is highly useful for the development of spintronic devices utilizing HMFs.
